ablation demonstrate that NTs follow PSC processes
Figures 2g-2i) in both cross
) and ablated and control muscles thus confirmed the finding from fluorescence microscopy that acute PSC removal longitudinal (Figure 2i) sections. An intact PSC nucleus was present (Figures 2h and 2i) , and PSC cytoplasmic did not alter the structure of other synaptic components. "fingers" (arrowheads in Figure 2i ) interdigitated with active zones. However, NMJs 2 hr after PSC ablation Synaptic Transmission Is Unchanged following Acute PSC Ablation at the Adult NMJ showed swollen PSCs with damaged membranes (arrowheads in Figure 2j ) and vacuoles in the PSC cytoAfter confirming that PSC ablation was effective and specific, we proceeded to determine the acute effect of plasm (arrowheads in Figure 2k ). The observation of "exploded" PSCs was suggestive of lysis by osmotic PSC removal on adult NMJ function. Synaptic potentials were measured from muscles dissected from frogs swelling, which is the typical mode by which the complement system kills cells. Clumping of nuclear material treated overnight with mAb 2A12. Recordings were subsequently made from the same muscles for up to 5 hr indicating damaged nuclei was also seen in these PSCs and amplitude of miniature endplate potentials (mepps) appeared similar before and after PSC ablation. This is We compared various morphological parameters of nerve-muscle contacts at PSC-ablated NMJs to those further shown in Figure 3b , where an average of 100 mepps before and after PSC ablation is depicted. PSC of intact muscles and found no significant differences (Table 1) . Electron microscopic examination of PSCablation also did not alter evoked endplate potentials 
NMJs from a frog muscle 3 hr after treatment with mAb 2A12 and complement (a-c) or with complement alone (d-f). PSCs, labeled with PNA (blue in [a] and [d]) and EthD-1 (red) show dead PSC nuclei (arrows in [a]). Nerve terminals (b and e) labeled with FM4-64 (red) and AChRs (c and f) labeled with ␣-bungarotoxin (green) were normal (compared to controls) in length and morphology in PSC-ablated muscles. The calibration bar applies to (a)-(f). (g-l) Ultrastructure of NMJs after PSC ablation. Electron micrographs of an intact NMJ in cross-sections (g and h) and in longitudinal section (i) show a PSC (S) with its cytoplasm and nucleus (in [h] and [i]) capping the nerve terminal (N) along the muscle fiber (M). PSC fingers (arrowheads in [i]) are sometimes seen interdigitated with the junctional folds. Two hours after mAb 2A12 and complement treatment, PSC-ablated muscles (j-l) show remnants of "exploded" PSCs with damaged membranes (arrowheads in [j]), multiple vacuoles (arrowheads in [k]), and disrupted nuclear material (k). Note that PSC fingers in the synaptic cleft are also vacuolated in (j). The longitudinal section (l) shows the overall absence of the PSC overlying the nerve terminal other than some debris of PSCs (arrowheads in [l]). The calibration bar in (j) applies to (g) and (j); the calibration bar in (l) applies to (h), (i), (k), and (l).
(epps), as shown in Figure 3c . In addition, as shown in All PSCs at these identified NMJs were ablated, as verified by PNA and EthD-1 staining at the end of the experiFigures 3b and 3c, both the shape and duration of mepps and epps were similar before and after PSC ablation. ments. Quantitative data were obtained from NMJs randomly quantal content (Figure 3f ; 4.07 Ϯ 0.41 before; 2.96 Ϯ 0.25 after). There was a small, albeit significant (p Ͻ recorded from the same muscles before (n ϭ 151 NMJs, 17 muscles) and after (n ϭ 149 NMJs, 17 muscles) PSC 0.05, KS test), increase in the average mepp frequency after PSC ablation (Figure 3g ; 0.56 Ϯ 0.05 Hz before; ablation. The PSC ablation in each of these muscles was confirmed to be over 90%. To test if synaptic trans-0.70 Ϯ 0.05 Hz after). If muscles were recorded after PSC ablation without thorough rinsing, higher mepp fremission was altered by PSC ablation, the distributions of various parameters were compared before and after quencies were seen at many NMJs (data not shown), suggesting that the slight increase in average mepp PSC ablation. As seen in Figure 3 , there was no significant difference (p Ͼ 0.05, Kolmogorov-Smirnov [KS] frequency might be an artifact due to the leakage of PSC contents. Moreover, muscles that had been PSC test) before and after PSC ablation in the distribution of average epp size (Figure 3d NT retraction seen with light microscopy. The "empty" after PSC ablation. Muscles were PSC ablated in vivo, junctional folds can also be seen in a longitudinal section and ablation of Ͼ90% PSCs on day 0 was confirmed through an NMJ in which most of the junctional site was by labeling in vivo with PNA and EthD-1. Controls were absent of both NT and PSCs (Figure 4j ). However, a injected with complement alone and had Ͻ5% of PSCs short NT segment without overlying PSCs (Figure 4i ) ablated on day 0 as seen with PNA and EthD-1 staining.
remained at a small region of this junction. A magnified A week later, the muscles were dissected, fixed, and image of this NT tip (Figure 4k ) clearly shows a high labeled with PNA, Hoechst 33342, and synapsin-I. Musdensity of synaptic vesicles (asterisk) as well as memcles were also labeled for AChE. Since EthD-1 labels brane invaginations at the tip (arrowhead). In this NT nuclear material of only cells with damaged membranes, remnant, we did not find any degenerative changes, it could not be used to label ablated PSCs in the absence such as agglutinated synaptic vesicles with electron of nuclear material a week after PSC ablation. Furtherdense "honeycomb" appearance, or swollen mitochonmore, PSCs, if replaced, would presumably have intact dria, typically seen in the NT following nerve injury (Birks membranes and therefore could not be revealed by et al., 1960). Rather, this NT remnant (Figure 4k ) may be EthD-1. In contrast, Hoechst, a membrane-permeable undergoing a retraction process similar to that found nuclear dye, labels all nuclei and thus would confirm during synapse elimination at developing NMJs (Riley, the absence of PSC nuclei as well as the absence of 1981). It can also be noted that although the NT could PSC replacement 1 week after ablation. As shown by be retracting, there was no detachment of the NT from Hoechst staining in Figure 4a , PSC nuclei (arrows) were the muscle even at the retracting tip. Furthermore, axoclearly absent 1 week after ablation, although the stainnal Schwann cells appeared to be normal in these musing showed the presence of underlying muscle nuclei.
cles, thus ruling out any delayed damage to these cells There was clear retraction of a NT branch (asterisk in (data not shown). We compared various morphological parameters from Figure 4b ) from the original junctional length (arrowhead cross-sections of PSC-ablated NMJs to those from no significant differences (t test) in the area of the NT or synaptic vesicle density between these two groups complement-treated controls. Only NMJs where NTs were present were compared, thus excluding the empty (Table 2 ). There was also no apparent difference in the synaptic cleft size at NMJs. However, the cross-secjunctions seen 1 week after PSC ablation. There were tional contact length of the NTs with the muscle fiber and 7 muscles, 108 NMJs for control groups) and synaptic depression (Figure 5f , 46.4% Ϯ 3.0% in PSC ablated was significantly increased (p Ͻ 0.05, t test) by 32% and 55.9% Ϯ 2.4% in controls) (n ϭ 6 muscles, 106 in PSC-ablated muscles compared to controls. This is NMJs for PSC ablated and 6 muscles, 107 NMJs for probably because PSC cytoplasmic fingers were no control groups). Taken together, the electrophysiologilonger present between the NTs and muscle fibers in cal and morphological observations from PSC-ablated PSC-ablated muscles and the NT area previously ocmuscles demonstrate that the absence of PSCs affects cupied by PSC fingers in between active zones now both the presynaptic structure and the function of the directly contacted muscle. In spite of this change in adult NMJ. nerve-muscle contact length, there was no significant Finally, to investigate whether the changes in synaptic difference in the length of active zones between PSCstructure and function also altered the overall functionablated muscles and controls. Therefore, ultrastructural ing of adult muscle, we examined the effect of PSC observations confirmed NT retraction seen by light miremoval on nerve-induced muscle twitch tension. We croscopy and ruled out degenerative changes in the NT measured the force of muscle twitch in response to as a cause for this retraction. The role of PSCs in synapse maintenance could be even more vital during development, when NMJs are forming, in controls) (n ϭ 7 muscles, 110 NMJs for PSC ablated It should be noted that 2A12 staining persisted in that they were viable. Nerve terminals showed profuse growth and minimal retraction in the presence of antimost areas even after PSC ablation (Figures 6m and  6n ) because 2A12 also labels the extracellular matrix body alone or complement alone (see Figure 8) . Thus, the nerve retraction seen after PSC ablation was unlikely surrounding PSCs in addition to the plasma membrane of the cells themselves (Astrow et al., 1998). However, due to either antibody or complement alone but rather was the result of the absence of PSCs. 2A12 labeling was weaker at the second observation, and staining of fine PSC processes observed initially To confirm that the apparent retraction of NTs indicated real synapse loss, postsynaptic AChRs were la-(arrowheads in Figures 6i and 6j) was absent (arrowheads in Figures 6m and 6n) . In controls treated with beled in addition to NTs in some cases. As shown in Figure 7a , EthD-1 labeling of PSC somata confirmed 2A12 alone (see Supplemental Figure S2 at http:// www.neuron.org/cgi/content/full/40/3/563/DC1) or with that PSCs were ablated on day 0. NTs were stained with FM1-43 (Figure 7b ). When the same NMJs were complement alone, PSCs extended new processes (arrowhead in Figures 6f and 6g) by day 11, suggesting restained and imaged 10 days later, 2A12 label was Figure 8a3 ) (note and were absent from regions of NT retraction, indicating that removal of PSCs caused synapse loss encomthat, in these controls, 2A12 was applied only after complement treatment, in order to visualize PSCs). In conpassing both pre-and postsynaptic components. In these experiments, ␣-bungarotoxin was not applied at trast, at PSC-ablated NMJs (filled bars), few NTs grew (6.7%) (Figure 8a1 ) and many underwent retraction the initial observation, to avoid compromising synaptic transmission at developing NMJs, some of which (44.4%) (Figure 8a3) ; 48.9% remained unchanged (Figure 8a2) . The extent of NT growth also mirrored these were Ͻ5 m in length. The initial pattern of AChRs was inferred from the pattern of NT staining. In support of results. As summarized in Figure 8b , 2A12 alone and complement alone treated controls showed 52% Ϯ 13% this inference, we found that ␣-bungarotoxin accurately colocalized with FM1-43 (or FM4-64) at 98.0% of normal and 47% Ϯ 15% increases, respectively, in overall length of NTs. In contrast, PSC-ablated NMJs showed a developing NMJs (n ϭ 302 NMJs, 14 animals).
Measurements of the incidence (Figures 8a1-8a3 ) and change of Ϫ23% Ϯ 5%, a significant difference from both controls (p Ͻ 0.0005; Student's t test). Considering extent (Figures 8b and 8c) (our unpublished data). Taken as a whole, these results adult NMJs, however, nerve terminals retract, and neurotransmitter release is significantly reduced, leading provide evidence that PSCs are vital for the growth and maintenance of NTs at developing NMJs in vivo. Finally, to a lowering of nerve-induced muscle contraction. At developing NMJs (Figures 9d-9g) , we show using in vivo PSCs may also be important for the addition of new synapses (Figure 8d) 
Selective Ablation of PSCs In Vivo
The present work has shown that complement-mediin Figure 9 , at adult NMJs (Figures 9a-9c In the present study, three effects on synapse develhttp://www.neuron.org/cgi/content/full/40/3/563/DC1). opment were observed ‫5.1ف‬ weeks after PSCs were ablated. First, formation of new NMJs was inhibited (Figure 8d) . Second, NMJ growth was significantly reduced PSCs Guide NT Growth and New NMJ Formation during Development (Figure 8a ). Third, NMJs retracted partially or completely (Figures 6, 7, and 8a-8c) . These results could imply that Several observations, taken together, supported the hypothesis that PSC sprouts guide NT growth during dePSCs play distinct roles in promoting synapse formation, facilitating NT growth, and maintaining developing velopment. PSC sprouts were substantially longer than corresponding NTs at the initial observation (for discusNMJs. However, all three of these outcomes could also be explained by a solution. In preliminary experiments, intact muscles were examined junctions. J. Neurosci. 14, 796-808.
